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RESEARCHMemorandum
s

FORCESANDMOMENTSON INCLINEDBODIES

Ml MACHNUMBERSFROM3.0 TO 6.3
.

By DatidH.DennisandBernardE. Cunningham &

SUMMARY

Resultsof forceandmomenttestsatMachnumbersfrom3.0to 6.3 on
lxkiiesofrevolutionoffinenessratiosfrom5 to 10andon flat-bottom
bodiesoffinenessratio10arepresentedandcomparedwiththetheoret-
icalpredictionsofthecrossflowmethodofAllenandtheimpacttheory
ofNewton.Eightconeandcone-cylindermodelswithnosefinenessratios
from3 to 7 andafterbodyfinenessratiosfrom2 to 7, stinose-cylinder
modelsoffinenessratios7 and10havingfinenessratio5 ogivaland
bluntnoseshapes,audthreeflat-bottombodiesweretestedatanglesof
attackto.25°.Reynoldsnumbersbasedonbodydiametervariedfrom
approxhnately0.1to 0.7 milliondependdngontestMachnumber.

_is- of fOrCech=acteristicsof.thevariousbodyshapes
showthattheforceson cylindricalafterbodiesarenotappreciably
affectedbymoderatechangesintheprofileshapeofa givenfineness
rationose. At largevaluesofliftcoefficientthelift-dragratiosof
thefls.t-bottamshapesarehigher than thoseofthesimilarcone-cylinder
bodiesofrevolution.However,themaximumlift-dragratiosmaybe either
higheror lowerthanthoseof thecorrespondingbodiesofrevolution,
dependingonnosefinenessratioendtestMachnuniber.

Predictionsof forcesby thecrossflowmethodofAllensrefoundto
agreewellwith~erhsntal resultsforthebodiesof revolutionup to a
Machnumberofabout4 if adequate estimatesof initiallift-curveslopes
areusedincomputingtheforces.At thehigherMachnumberstheexperi-
mentalresultsforthebodiesofrevolutionandfortheflat-bottombodies
approachthosepredictedby theimpacttheory.

can
● the

INTRODUCTION

Athighsupersonicspeedsmuchoftheliftrequiredby an aircraft
be suppliedbythebody,withplanarsurfaces,orwings,employedfor
xmstpartforstabilizationandcontrolonly. Itis evident,then,
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thatforthedesignofhigh-speedmissiles,accuratekzmwledgeofthe
forcesandtheattendantmomentsactingon inclinedbodiedisrequired.
In general,however,thisinformationisnotavailableatMachnmibers
greaterthanabout3 sincethereareneitherwell-establishedtheories
noranymassof experimentaldataforthesehighspeeds.

Inviewoftheabsenceof specifictheoreticalmethodsforhigh
supersonicspeeds,it isnecessarytouseeitherthosetheorieswhich
havebeenappliedsuccessfullyat lowerspeedsorthosewhichhavebeen
proposedforhypersonicspeeds(i.e.,M+m). Fordeterminingtheaero-

. dynamiccharacteristicsof inctiedbodiesofrevolutionofpractical* finenessratios,themethodproposedby Allen(ref.1)hasbeenfoundto
be suitableat lowsupersonicspeedssinceitaccounts,inat leastan
approximatemanner,fortheeffectsofviscousseparationoftheflow
aboutbodiesofrevolution.TheNewtonian,ortipact,theory(see,e.g.,
ref.2)whichalsoaccountsqualitativelyforseparationoftheflowover
theleesidesofbodieshasbeenshowntobe applicableto bodiesofarbi-.
traryshapeat@ersonic speeds.To date,however,sufficientexperi-
mentaldatahavenotbeenobtainedto ascertaintheaccuracyof these
theoriesforthepredictionofaerodynamiccharacteristicsatMachnumbers
from3 to6. Asa steptowardprovidingsuchtestresults,an experi-
mentalprogramto detezminetheaerodynamiccharacteristicsof inclined
bodiesathighMachnumbersandat anglesofattackup to25°wasunder-
taken.Thefirst@ase ofthisprogramconcernedthedeterminationof
theforcesandthepitchingmomentsactingonbodynosesectionsof fine-
nessratiosfrom3 to 7 atMachnumbersfrom2.7to ~.O. Theresultsare
reportedinreference3. Thepurposeofthepresentphaseoftheinves-
tigationisto determinetheforcesandmomentson inclinednose-cyldnder
bodiesofrevolutionof finenessratiosfrom5 to 10atMachnumbersfrom
3.0 to 6.3 andto comparetheseresultswithavailabletheories.

Inadditiontothetestsonbodiesof revolution,a limltedinves-
tigationwasmadeto determinetheeffectsonforcecharacteristics-
and,inparticular,theeffectonmaximumlift-dragratios- of changing
thecross-sectional.shapeofbodies.Themodelstestedweremodified
cone-cylinderbodiesof finenessratio10havingflatbottomsurfaces.
Theparticularmodificationtoprovideflat-bottcmshapeswasinvestigated
inviewofthepredictionsof Sfiger(ref.4)whichindicatedthatat
hypersonicspeeds,increasesinlift-dragratiosasweKlas inliftforces
wouldbe realizedby utilizingsuchshapes.

A
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SYMBOLS

msxtiumcross-sectionalarea

dragcoefficient,J& .

ofbody
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%0 minimnundragcoefficient

w incrementofdragcoefficient(~.. CDO)

CL liftcoefficient,-$

dCL lift-curveslope,perradian
x

3

% pitchtig-moment

D bodydrag

coefficientaboutbodynose,yitchingmoment
qAZ

f

L

M

r

%

Re

x

a

n

a

bodyfinenessratio,&

bodyUft

free-streamMachnumber

bodylength

free-streamdynamicpressure

bodyradius

maximumbodyradius

Reynoldsnumber,basedonmaximumdiameterofbodiesofrev-
olutionorwidthofflat-bottombodies

axialdistamcemeasuredfrombodynose

center-of-pressurelocation,percentbodylengthfromnose

angleofattack

subscripts

bodynose

afterbody

ApparatusandTests

ThetestswereconductedIntheAmes10-by 14-inchsupersonicwind
tunnelwhichis ofthecontinuous-flow,nonreturntypeandoperates=th

1~:4 ..:- .
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a nominalsupp~pressureof6 atmospheres.TheMachnumberinthetest
sectionmaybe variedflromapproximately2.7to 6.3by changingtherel-
ativepositionsof thesymmetrical-topandbottomwallsofthewindtun- .

nel. Duringoperationat-thehigherMachnumbers,thesupplyairis
heatedbeforeenteringthewindtunneltopreventcondensationoftheair.
A detaileddescriptionofthewindtunnelanditsassociatedequilynentand
ofthecharacteristicsoftheflowinthetestsectionmaybe foundin
reference50

Aerodynamicforcesandmomentsweremeasuredwitha three-component
strain-gagebalance.Tareforcesonthestingsupportswereessentially

, eliminatedby shroudsthatextendedtowithin0,040inchofthemodel
base.Axialforcesonthebasesofthemodels,determinedfrommeasured
basepressuresandfree-streamstaticpressures,weresubtractedfrom
measuredtotalforcesjthus,thedatapresenteddonotincludethepres-
sureforcesactingonthebasesofthetestbodies.

Reynoldsnumbersbasedonthemaximumdiametersofthetestbodies
ofrevolutionorwidthsoftheflat-bottmubodieswere:

Machnumber Reynoldsnumber

3.0 0.~gxl&
.71

2:: .94
~.o .26
6.3 ●U

Reynoldsnumbersbasedonbodylengthsmsybe obtainedbymultiplyingthe
abovevaluesbymodelfinenessratios.

Models

Thebodyshapestestedinthepresentinvestigationareshownin
figure1. To determinetheeffectsofvaryingtheafterbodylengthof
bodiesof givennosefinenessratiosandofvaryingthenosefineness
ratioofbotiesofgivenover-tifinenessratios,theseriesof cone
andcone-cylindermodelsshowninfigurel(a)weretested.Thesebodies
are: finenessratio3 coneswith2, 4, and7 diameterlongcylindrical
afterbodies;finenessratio5 coneand fn = 5 coneswith2 and5 diam-
eterlongaf%erboties;a finenessratio7 coneandan fn = 7 conewith
a 3 diameterlongafterbody.

-T:
tested.

+

.

determinetheeffectsofvaryingnose-profileshapeontheaero-
characteristicsofbodies,themodelsshowninfigurel(b)were
Thesefinenessratio5 noseshapesare: a tangentogiveja

.
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parabolaofrevolution,=d a so-called3/4-powernose.1The3/4-power
nosehasbeenshowntobe an approximationto thenoseshapeof given
finenessratiohavingminimumdragathypersonicspeeds(ref.6)andwas
foundto retainitslowdragadvantageat anglesofattack(ref.3). In
thepresentinvestigationtheseshapesweretestedwithfinenessratio
2 cylindricalafterbodies,as showninthephotograph,andwithfineness
ratio5 afterbodies.Thetestbotiesofrevolutionhavebasediameters
of 3/4inch.

Theeffectsof onevariationofbodycross-sectionshapewereinves-
tigatedbytestingthemodifiedcone-cylindermodelsshowninfigurel(c).
Thesebodieshaveflatbottomsandareof D shapedcrosssectionwith -
thetopportionsofthenosesandthetopportionsoftheafterbodies
beinghalf-circular,as showninthesketch(fig.l(d)).Thenoseftie-
nessratiosof the
ratioofallthree

Variationsof

flat-bottombcd.iesare3,5,and7.”Thetotalfineness
bodiesis10.

AccuracyofTestResults

Machnumberintherezionofthetestsectionwhere
themdels werelocateddidnotexceed+b.02fromthemeanvalues2except
atMachnumber6.3wherethevariationwas*0.&. Variationsof free-
streamReynoldsnumberfromthevaluesgivenpreviouslydidnotexceed
*o.02xlo6.

Theestimatederrorsinangle-of-attackvaluesdueto uncertainties
in correctionsforstreamangleandfordeflectionsofthemcdelsupport
systemwere*0.2°.

Precisionof theexperimentalresultswasaffectedbothby uncer-
taintiesinthemeasurementsoftheforcesby thebalancesystemandby
uncertaintiesinthedeterminationoffree-streamdynsmicpressuresand
basepressures.At thehighanglesofattack,theseuncertainties
resultinmaximumpossibleerrorsinliftanddragcoefficientsof *0.@O
atMachnumbersfrom3.0to 7.0and+O.04~atMachnumber6.3. At angles

lItmay be noted t~t the cone iS a member ofthesamef~~ Of
shapesas theparabolaandthe3/4-powershape,theexpressiondefining
theseshapesbeing

m
r=r

()
b +n

where m = 1 fortheconeandm = 3/4andm= 1/2forthe3/4-powerand
theparabolicshapes,respectively.

%e nominall&chnumbersof 3.0,3.5,4.2,5.0,and6.3usedfor
simplicityin thispapercorrespondto actualmeanvalues of 3.01,3.49,
4.24,5.o4,and6.28,respective~.
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ofattacklessthanabout10°,thecorrespondingmaximumerrorsare
kO.01’jandk0.030jrespectively.Possibleerrorsinpitching-moment
coefficientswereAO.020atthelowerMachnumbersand*O.@~ atMach
number6.3. 1%shouldbe pointedoutthattheabovediscussionconcerns
estimatedmagnitudesofthemaximumpossibleerrors.andit isbelievd...
that,ingeneral,theerrorsintheresultspresentedaremuchlessthan
theforegoingestimates.

RESULTSANDDISCUSSION

BecauseonlytypicalresultsarepresentedinthefolJowingdis-
cussionandmanyofthedataobtainedinthepresenttestssrenotshown
in graphicalform,alloftheexperimentalresultsarepresentedin
table1. Lift,drag,andpitching-momentcoefficients,centersofpres-
sure,andlift-dragratiosattheseveraltestMachnumbersaretabulated
foreachofthe17testbodiesatthevariousanglesofattack.

Thefollowingdiscussionispresentedintwoparts.Thefirstsec-
tionconcernsvariationsoftheexperimentallydeterminedcharacteristics
ofthebodieswithchangesinMachnumberandinbodyshape.Inthesec-
ondpart,comparisonsoftheoreticalpredictionswiththetestresults
arediscussed.

Test Results

EffectsofMachnumbervariation.-IntheMachnumberrangefrom3
to5,theinitiallift-curveslopes(dCL/daata = 0)forthebodiesof
revolutiontestedgenerallyincreasewithincreasingMachnumber.For
eachofthemodelsthisincrease(shownforthreeofthemodelsatthe
topoffig.2) islargerthanwouldbe expectedforthenosesaloneIn
thisMachnumberrsmgeandmaybe attributed,inpart,totheincrease
inliftcarry-overonthecylindricalafterbodies.

Theincreasein initiallift-curveslopesup to M = 5.0isreflected
inthevariationsofliftcoefficientwithMachnumber(fig.2) at a = 5°.
At thehigheranglesofattack,however,thevariationsof CL withMach
numberareno longersimilartothevariationofinitiallift-curveslope.
ThischangeinthevariationsofMft coefficientsoccursbecausethelift
isdue,inlargepart,to theeffectsofviscousseparationoftheflow
overtheleesidesofthebodies.

Variationsof center-of-pressurepositionswithMachnumberforthe
threefinenessratio10 cone-cylinderbodiesareshowninfigure3. At
theluwanglesofattack(2°and50),thecentersofpressuremoveaft
tithincreasingMachnumber.Thischaracteristicmay,aswiththe

.

.

.
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variationoflift-curveslopes,be attributedtotheincreasinglift
carry-overonthecylindricalafterbotieswithincreasingWch number.
At thehighanglesof attack,theforcesresult,inlargepart,frmn
theeffectsofviscousseparation,andthecenter-of-pressurepositions
arecomparativelyunaffectedbyMachnumbervariations.Thisindicates
thatthedistributionof forcedueto separationisrelativelyindepend-
entofMachnumber.

Effectsofaddingcylindricalafterbodyto a conicalnose.-In fig-
ure4 areshownthevariationswithcylindrical-afterbodylengthof ldft
coefficientat severalanglesofattackandofmsximumlift-dragratios
forthecone-cylinderbodiestestedatMachnumber3.0.sAt 2° angleof ‘
attack,viscousseparationoftheflowovertheleesideofthebody
doesnotoccurto an appreciableextent;hencetheadditionof cyltidrical
afterbodyinexcessof2 to 3 diametersresultsin essentiallyno further
increasein liftcoefficient.Thisoccursbecausetheinviscidlift
carry-overonthecylindricalafterbodydecreaseswithdistancedown-
streamofthenose-cylinderjuncture.At highanglesofattack,where
theviscouscrossforcescontributea largepartofthelift,thelift
coefficientsincreaseapproximatelyuniformlywithcylindricalafterbody
length.Theslightlygreaterrateof increasefortheshortcylindrical
afterbodiesmaybe attributedinpsmtto theinviscidliftcarry-over
effectandh parttothenonuniformdistributionoftheviscouscross
forcesovertheforwardportionsofbodies.(seee.g.,ref.7).

Maximumlift-dragratiosareincreasedby theadditionsof after-
bodies,thegreatestincreaseoccurringforthefinenessratio3 cone.
Additionofa 3 diametercy~tiicalafterbodytothefinenessratio7
conehasa relativelysmalleffect,andit isapparentthatlongerafter-
bodieswouldnotappreciablyincreasethemaximumlift-dragratio.

Effectof changingnoseshapeofnose-cylinderbodies.-Thevaria-
tionsinaerodynamiccharacteristicsofthetestnosesaloneweredis-
cussedin detailinreference3. Itwasfoundinthepresentteststhat
thedifferencesin characteristicsemongtestb~es differingonlyin
noseshapewereapproximatelythesameas thedifferencesthatwerefound
amongthenosesalone.Thatis,theadditionof a 2 or 5 diameterlong
cylinderto a finenessratio5 nosehasapproximatelythesameeffect
irrespectiveofthenoseshape.Thisis illustratedin figure5 whereit
maybe Seenthatthevariationof liftcoefficientwithcylinderlength
isapproximatelythesameforthefournoseshalesinvestigated.(The
dataforthenosesalonehavebeentakenfromresultsat M = 2.75 Pre-
sentedinreference3.) Althoughthebodieshavingthe3\4-powernose
shaperetaintheadvantageofhigherlift-dragratiosthanthebodies
withothernoseshapes,theadditionofa cylindricalafterbcxiyreSults
inapproximatelythesameincreasesinliftandindxagirrespectiveof

S~e ~ues for‘theffienessratio3 cone(zerocylinderlength)
weretakenfromthedataat M = 2.75ofreference3. Thesedatawere
correctedto accountforthesmallch e intestMachnumber.

W h
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noseprofileshape,andthedifferencesinmaximumlift-dragratiosare
decreasedsomewhatby theadditionofafterbodyas shownatthetopof
figure5.

.

“

Effectsofvaryingnosefinenessratioonbodiesof constantover-
allfinenessratio.-Forbodiesof equalover-all.finenessratio,increas-
ingnosefinenessratioresultsindecreasesintheinitiallift-curve
slopeandintheliftcoefficientsat anyangleofattack.mis is illus-
tratedinfi&re 6 forthefinenessratio10 cone-cylinderbcdiesatWch
number4.2. As a re’suitofthedecreaseinwavedragaccom~ing the
increaseinnosefinenessratio,thereisa largegaininthemaximumlift-
dragratio.Theincreased(L/D)m is,however,accompaniedby a
decreaseintheliftcoefficientat (L/D)-.

Theaxialmovementsofthecentersofpressureofthefinenessratio
10bodieswithincreasingliftcoefficientaresimilar,as cambe seen
infigure6. Moreover,thecentersofpressureareapproximatelythe
samedistanceforwwdofthecentersof volumeofthebodies.Forexsm-
ple,ata liftcoefficientof1.4,allof thecentersofpressureareIL
to 12percentofbodylengthsforwardoftherespectivecentersofvolume.

Flat-bottom(“D”)bodies.-Aerodynamiccharacteristicstypicalofthe
flat-bottombodiestestedareshowninfigure7. Thevariationswith
angleofattackofthelift,drag,andpitching-momentcoefficientsand .
thecenter-of-pressurepositionsareshownforthe D bodywitha fine-
nessratio~ noseatMachnumber4.2. Itcanbe seenthatwithinthe .
@e-of-attackrangefrom -

u20° to +24°,no erraticvariationsofforces
orofpitchingmomentoccur.However,aswouldbe expectedbecauseofthe
nonsy?mnetricalprofileshapeofthebody,zerolift,zeropitchingmament,
andminimumdragoccurat smallpositiveanglesofattack.At anglesof
attacknearzerolift,a nose-dawncoupleexistswhichcausesthecenter-
of-pressurepositionto varyfroman infinitedistanceupstreamtoan infi-
nitedistancedownstre~ofthenoseas a isincreasedthroughtheangle
forzerolift. However,thecenter-of-pressurepositiondoesnotshift
appreciablywithsingleofattackoutsidetheramgefromapproximately-k”
toapprohtely +8°.

Althoughnotshowninfigure7,theangleofattackforzerolifton
the D bodiesincreaseswithincreasingMachnumber.Forthetestbody
justdiscussed,thisshiftisfrom a=l” atM = 3.Otoa =3° atM =6.3.

Typicalcurvesoftheforcecharacteristicsoftheflat-bottombodies
andofthecone-cylinderbodiesofrevolutionhavingthesame,noseand
over-alJ.finenessratiosareshowninfigure8 forthreedifferentMach
numbers.It shouldbenotedthatbecausethebaseareaofthe D bodies
isgreaterthanthatofthecone-cylinders,ratiosoftheforcecoeffi-
cientsatgiventestconditionsdonotshowdirectlytherelationshipsof
theforcesonthetwotypesofbodies.(However,theratioofbaseareas
isthesameas theratioofbodyvolumes,thusthecoefficientsas pre-
sentedarea directmeasureoftheforces,per

~.k~
unitbodyvolume.)

*

.
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Theresultsshownin figure8 indicate,thattheminimumdragcoef-
ficientsaregenerallyslightlylowerforthecone-cylinderbodiesthan
forthecorrespondingD bodies.However,therateofdragriseis 1-
forthe D bodies.Thesedifferencesarereflectedinthelift-drag-
ratiocurveswhereit is seenthat,@ general,thelift-dragratiosof
thecone-cylindersarehigherthanthoseoftheflat-bottombodiesat law
liftcoefficientswhereasthereverseistrueathighliftcoefficients.
Furthermore,maximumlift-dragratiosoccurat lowervaluesof CL forthe
cone-cy~nderbodiesthanforthe D bodies.It isapparentthenthat,
as showninfigure8(a),forconditionswherethezero-lifthags ofboth
bodiesarerelativelylow,thebodyofrevolutionhasthehighermaximum
lift-dragratio*Conversely,as showninfigure8(c),forfinenessratios
andtestconditionsresultinginhighzero-liftdrags,the D bodyhas
thehigher(L/D)H. Forintermediateconditions(fig.8(b))bothbod-
ieshaveapproximatelythesamemaximmliftingefficiency.An eqerimen-
talinvestigationatMachnumber6.86(ref.8)wasconductedon shapes
verysimilarto theflat-bottombodyandcone-cylinderbodyof intermedi-
atenosefinenessratiosemployedinthepresenttests.Whilein the
presentinvestigationthetwobodieswerefoundtohaveapproximatelythe
samevskes of (L/D)m at M = 3.0(fig.8(b)),theresultsofthetests
ofthesimilarbodiesat M= 6.86showthatthe D bodyhasthehigher
(L/D)M. Although,undersomeconditionstheflat-bottombodymaybe
moreefficientthanthebodyofrevolution,thisadvantagemaybe offset

. by theprobableunstablerollcharacteristicsassociatedwithsucha shape.

Visualflowstudies.-A limitedinvestigationofthefluwabouttwo
. ofthefinenessratio10 cone-cylindertestbodieswasconductedbymeans

ofthevapor-screentechniqueto determineifthecharacteristicsofthe
flowaboutinclinedbodiesofrevolutionatMachnumbersofabout4 are
similarto thoseobservedheretoforeat lowerlhchnumbers.A description
ofthiseqertientalmethodandoftheobservationsmademaybe foundin
reference9. A morecompletedescriptionoftheflowabouta largenumber
ofbodiesat M = 2 observedbythesametechniquemaybe foundinrefer-
ence10. Duringthepresenttests,observationsweremadeonlyat angles
ofattackof15°,20°,and25°onthecone-cylinderbodieshavingnose
finenessratiosof 3 and7 with7 and3 dlmeterlongafterbodies,respec-
tively.TheWch numbersforthesetestswerefrom3.0to approximately
4.4.4A sketchofa ~Por-screenphotograph is Shorn in fi~e 9(a)to
indicatethelocationofthevorticesandthetraceofthebowshockwave
intheplaneofthelightbesmthatisproJectedthroughthewindtunnel.
It shouldbe notedthatthemodelisyawedinthehorizontalplanefor
thesephotographsratherthanintheverticalplaneas shownin references
9 and10.

.

.

4Theamountof condensedwatervapornecessaryforvisualobservation
oftheflowsis sufficientto reducesomewhatthefree-streamMachnumbers
fromthevaluesgivenabovewhicharethosethatexistwithoutcondensa-

Wwi!!
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While the presentobservationswereverylimitedinscope,the
resultsdo serveto indicatethattheflowcharacteristicsattheseMach
numbersaregenerallysimilarto thosepreviouslyreportedata Machmm- .
berof2. Forexample,at 19°angleofattacka steadysymmetricalvortex
pairexistedalongtheentirelengthofthebodies(fig.9(b)).At the
higheranglesofattack(20°to25°)anunsteadyconfigurationofapprox-
tiately4 to 6 vorticeswasobservedovermostofthebodylength(figs.
9(c)and9(d)).Theseanglesofattackaresomewhatlowerthanthoseat
whichthisunsteadyvortexpatternwasobservedatMachnumbersofabout
2. No appreciablevariationsinthevortexflowpatternswereevident
duringthepresenttestswhiletheMachnumberwasvariedfrom3.0to
about4.4.

An interestingphenomenonwasobservedduringthevapor-screen
tests.Thiswastheappearanceof striationsinthevaporscreenwhen
an excessofwaterwaspresentinthewind-tunnelsupplyair. These
striationsareshowninfigures9(b)and9(c)whereitcaabe seenthat
theflowaboutthetestmodelalterstheotherwiserelativelyuniform
appearanceoftheverticalstriations.Thischaracteristic,inaddition
to thefactthatthepatternwasnotalteredby changesintheangleor
thelongitudinalpositionofthelightbeamrelativetothetestsection,
indicatesthatthephenomenonisnotassociatedwiththeopticalpro~r-
tiesofthetestsetupbutis inherentintheflowitself.Theparticular
reasonfortheuniquedistributionof condensedparticlesintheflowis
asyetunexplained.Forthemotionpicturesequence(fig.9(d)),the

.

emountofwatervaporinthesupplyairwasreducedsufficientlyto elim-
inatethestriations.

.-.

ComparisonofTheorywithExperiment

Cone-cylinderbodiesofrevolution.-Theexpaxhnentallydetermined
liftanddragcharacterist~csof severalofthecone-cylindertestbodies
arecomparedinfigures10”to13withthepredictionsofAllen’scross-
flowmethod(ref.1) and,forsomecases,withtheimpacttheoryof
Newton.

Becausethecrossflowmethodofreference1 doesnotincludethe
evaluationofdragat zeroliftandtheimpacttheorypredictionsof
CD-o aregenerallylowat theMachnumbersof interesthere,onlythe
Alinremntsof dragduetoliftarecompared.Thereare,of course,vari-

ousadequatemethodsavailableforestimatingthedragat zeroliftof
bodiesofrevolution.(Seee.g.,reference11fora discussion oftheo-
riesforcomputingpressuredrag,andreferences12and13 forskin-
frictiondrag.)

Incomputingtheaerodec forcesbyAllenfs method,theestimates
.

oftheinviscidflowcontributionstotheforcesonthebodieswere
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obtainedwithVanDyke’shybridthee+ (ref.14)sincetheslender-body-
theoryresultforinitiallift-curveslope(dCL/daata = O)usedinref--
erence1 isnotadequatefortheMachnumberrangeandthebodyshapes
underconsiderationhere. AlthoughmodificationstoKUen?smethodfor
estkting theviscouseffectshavebeensuggested(see,e.g.~refs.15
and16),forthepresentcomparisonsAKLen’smethodwasusedas originally
proposed.

Theestimatesmadewiththecrossflowmethodforthefinenessratio
10andthefinenessratio7 cone-cylinderbodiesarecomparedwith
M = 3.0qerimentalresultsinfigures10and11,respectively.It can
be seenthattheestimatesof liftanddragriseareveryclosetothe
measuredvaluesforthefinenessratio10 cone-cylindersandforthe
finenessratio7 cone. However,forthe f = 7 cone-cylinderbodies,the
est-tes ofUft anddragrisearehigherthanthemeasuredvalues.This
overestimationofforcesoccursbecausethepredictionsmadewiththe
hybridtheoryof initiallift-curveslopearetoohighforbodieshaving
relativelyshortcyl~ndricalafterbodies,as canbe shownby analysisof
thedataobtainedduringthepresenttests.Theexperimentallydetermined
initiallift-cwrveslopeswereusedin conjunctionwiththesameestimates
oftheviscouseffects,smdtherestitsbfthismodifiedmethodagreevery
wellwiththeexperimentalresultsup to anglesofattackofabout20°as
showninfigure11. Itappearsthenthatin spiteoftheapprox-te

. natureofthecrossflowmethodforestimatingtheviscouseffects,the
combinationofthismethodwithadequatepredictionsof initiallift-
curveslopesprovidesa relativelyaccuratemeansforestimatingthelift
anddrag-risecharacteristicsfora varietyof cone-cylAnderbodyshapes
atMachnumber3.0. Ccznparisonsoftheexperimentalresultswiththeory
atKch number4.2 (notpresented)leadto a similarconclusion.

Asshowninfigures12 and13,however,forthesamebodyshapesat
Machnmiber~, thismethodfails,in general,to predictadquatelythe
forcesevenwiththeexperimentalvalues of theinitiallift-curveslopes.
Sincethecrossflowmethodforestimatingviscouseffectsshouldbe as
adequateatMachnumber5 as at thelowerMachnumbers,theassumptionof
a linearvariationwithangleofattackoftheinviscidcontributionis
be~evedtobe incorrectatthehigherMachnumbers.

Itisshownin figures12 and13thattheimpact-theorypredictions
areverycloseto themeasuredincrementsofdragthroughouttheangle-
of-attackrangeandto themeasuredliftatthehigheranglesofattack.
Theinitiallift-curveslopesandthecalculatedliftcoefficientsinthe
low angle-of-attackrangearelowerthanmeasured(exceptinthecaseof .>~ticfl

s~e forcesc~ctiatedwithVanDykeTstheoryareassumedto acth
a directionnormalto thebodysxisratherthanmidwaybetweenthenormals
to thefree-streamdirectionandthebodyaxisas requiredby theslender-

. bodytheory.Withintheassumptionsof thecrossflowmethod,(i.e.,
Cosa = 1)thisdifferencedoesnotaffecttheliftcurvesbutdoeseffec-
tivelydoubletheinviscidcontributionto theestimateddragdueto lif%..

lYQO$
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thefinenessratio7
theliftcarry-over,
bodies.Inapplying

,.. .-
4~d NACARM A54E03 ‘,.-.’.

cone)becausetheimpacttheoryfailstoaccountfor
or interferenceeffectsofthenoses,ontheafter-
theimpacttheoryit@ assumedthatzero pressure

.

coefficientexistsonthelee,or “shaded,”portionsofa bodysurface;
thusforinclinedbodiesathighfree-streamMachnumbersthetheory
accounts,at leastapproximately,fortheactualflowconditionsoverthe ,
bodies.Ingeneral,then,it isap~ent thatathighanglesofattack
theforcecharacteristicsapproachthepredictionsoftheimpacttheory
asthefree-streamMachnumberis increased(M_ 5).

Comparisonsofthetheoreticalandexperimentalcenter-of-pressure
positionsareshownforsixofthecone-cylindermodelsatMachnumber
3.0andatMachnmber 5.0infigures14and15,respectively.Itcanbe .,
seenthateachtheoreticalmethodprovidesa fairlyaccurateestimatefor
certaincasesbutfailstopredictadequatelythecentersofpressurefor
thefullrangesofMachnumber,angleofattack,andbodyshape.

Flat-bottombodies..T& e~erimentallydeterminedvariationsoflift
coefficient,incrementofdragcoefficient~andcenterofpressurewith
angleofattackforthethreeflat-bottombodiesarecomparedinfigure
16withthepredictionsmadewiththeimpacttheory.Experimentalresults
areshownforMachnumbersof 3.o,4.2,and6.3. Theagreementbetween
predictedandmeasuredliftimproveswithincreasingMachnumberthrough-
outthetestangle-of-attackramgeforthethreebodies,andtheagreement .
forthemostslenderconfigurationstested(fig.16(c))becomesquitegood
at M.=6.3. Itcanbe seenthat,particularlyat thelowerMachnumbers,
anglesofattackforzeroliftarelowerthanpredicted.Thisdifference - .
results,forthemostpart,becausethetheoryfailsto considerthe
expansionoftheflowatthenose-afterbodyjunctureandthesubsequent
negativepressurecoefficientsontheuppersurfacesoftheafterbodies.
Aswiththecone-cylinderbodiesofrevolution,thiseffectdecreaseswith
increasingnosefinenessratio.

Inviewofthediscrepanciesbetweenthemeasuredandpredictedval-”
uesofliftcoefficients,theconsistentlygoodagreementbetweenthe
experimentalandcalculatedvaluesof incrementofdragcoefficientat
thelowerMachnumbersmustbe consideredfortuitous.It shouldbe noted
that,as forthebodiesofrevolution,the@pact theoryunderestimates’
theminimumpressuredragforthesebodies.Unfortunately,at thepresent
thereisno‘adequatemethodforestimatingthe&~ ofthesebodyshapes
at zeroangleofattackfortheMachnumbersofinteresthere.

Theincorrectpredictionsoftheanglesofattackforzeroliftare
reflectedinthecurvesoffigure16showingthecomparisonsoftheesti-
matedandexperimentallydeterminedcenter-of-pressurepositions.How-
ever,at thehigheranglesofattackwherethisuncertaintydoesnot
affecttheresults,theestimatedcentersofpressurearegenerallywithin F
approximately1/3bodydiameteroftheexperimentallydeterminedposi-
tions.At thehighanglesthepredictedpositionisapproximatelyat the
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centerofbodyplm-formarea. As forthevariationof liftwithangle
ofattack,thetheoreticalpredictionsgenerallyimprovewithincreasing
Machnumberandbody-nosefinenessratio.

CONCLUSIONS

And.YsisOf theresultsoftestson inclinedbodiesofrevolutionand
flat-bottarnbodiesh theAmes10-by lk-inchsupersonicwindtumnelat
Mwh numbersfrom3.0to 6.3hasledto thefollowingconclusions:

1. Withinthelimitsofbodyshapestested,aerodynamicforceson
cylindricalafterbodiesarenotappreciablyaffectedbymoderatechanges
h theprofilesha~ ofa bodynoseof givenftienessratio.

creasingthenosefinenessratioof cone-cylinderbodiesof
@~2&~m~ finenessratioresultsin increasesinmaximumlift-drag
ratioand.decreasesof liftthroughoutthetestangle-of-attackrangebut
hasllttleeffectonthecenter-of-pressurepositionsrelativeto the
positionsofbodycentersofvolume.

3. Althoughthedragat zeroliftoftheflat-bottombodiesis gen-
eralJyslightlyhigher,theinduceddrag,or dragdueto lift,is lower
thanthatofthecomparablecone-cylinderbodiesofrevolution.Thus,
theHft-dmagratiosoftheflat-bottombodiesarelowerthanthoseofthe
correspondingcone-cylinderbcdiesat lowliftcoefficientsandarehigher
athighvaluesofliftcoefficient.

4. Themethodproposedby Allenforest~ting theliftandincre-
m=t ofdragcharacteristicsof inclinedbodiesofrevolutionadequately

.QpredictsthesecharacteristicsatMachnunibersupto abou ifaccurate
valuesof initiallift-curveslopeareused.

5. Theforcecharacteristicsofthebties ofrevolutionathigh
anglesofattackandoftheflat-bottombodiesthroughoutthetestangle-
of-attackrangeappruachthepredictionsoftheimpacttheoryas the
free-streamMachnumberisincreased.

“ 6. TheflowaboutincLLnedbodiesofrevolution,that
tributionofvorticesintheflowintheleeofthebodies,
hersfrom3.0to about4.4doesnotdifferappreciablyfrom
previouslyobservedby othersatWch numbersofabout2.

AmesAeronauticalLaboratory
NMionalAdvisoryC!mmitteeforAeronautics

MoffettField,Calif.,W 3,1954 .

is,thedis-
atMachnum-
that
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TABLE1.-EXPERIMENTALRESULTS- Continued
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TABLEI.-EXPERIMENTALRESULTS- Continued
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M a CL CD L cm z5
(0)F1..at-ht.tomk@j fn = 3,fa.7

3.01-2.2-0.* 0.255.1.33().037~ 4.24 9.4o.@30.2392.904.4
-.1-.172.230..75-.021-~ L2.31..o96.3513.12-.a 2
.9 -.0$!3.221-.44-.044-47 14.3l.~ .4513.07-.831~
2.0 -.023.219-.10-.075-I@ 16.41.72Q.6022.86-1.021*

.070.204
::;

.34-.op 113 21,62.6331.CU542.48-1.53654
.136.215 .63-.13187

7.4 .536.2392.11-.32
10.4

57 6.28-2.0 -.%4 A& -:.: .070 14
.949.32s2.92 -.352 56 -.330 -. -.046-14

u.? 1.139.3812.99 -.657 35 :.0 -.W ,2411-1.19
14.6 1.658.5423.o6-.961 55

-.067-23
2.0

18.92.446.9132.Ea-1.428 py
-.230.248-.93-.051.-23
.KL.l.211 .73 -.IJ.689

7:: .3Y .2281.43 -.256 72
4.24 -2.1-.3.E8.248-1.4.9.~ 15

-.?21Q.218-.97 -.CKIS.2
.m .2722.11 -.4#3 67

-. 2::
.; -.X?5.2J.1-.59-.043.35

.933.%4 P.42 -.555 %

2.0
14.11.207.478.2..53-.71R %

a-l .2CA -.33 -.072-J20 16.1 1.%6 .6172.47 -.843 p
4.3 -.1X) ~
7.3 .444:;% 2:;: -.293 63

19.32.056.9652.13-1.195 53
23.42.8091.4221.98-1.IQ2 ~

(P)F~&bdtan body,fn= 5,fa-5

3.01 -7.6-.734.237-3.10 .313 41 1+.2112.0 .W .115 .@ -.()%lo~
-4.2~:2~;.~ -2.50 .140 34 2.1
-2.1

.033.CS5
.155-1.57 .C@4 * 4.3

.39 -.0s u%
.KG2 .0851.-f9-.122 ~

-1.1-.m .021 14 .407 .1392.93 ~:~5 ;:
-.1 -.088:?1 -::2 .010 u
o -.071.12k-.y -,021-30 ::! :Z :2 ::g ..5b3 63
1.0 -.018.146-.12-.041-257 14.31.23J.3493.53-.781 61
2.0 .045.u26 .36 -.071143 16.31.522.4643.28-.974 6.1

?:; ::; :g; ,:g :::: E
18.-s1.847.6432.87-1.183 61
21.52.326.9~ 2.50-1.~ &

7.4 14% .1.642.78 -.@3 63 23.62.6401.1562.28-1.729 &
.805 .2223.63-.~ 61

H .946.2663.56-.610 & 6.28 -2.0:.319.256-1.25
14.51.416.3993.55../39761

-.220
0 -.2Q1.213

W8 2.u7 .7152.96-1.32859
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1.0 -.141.194-.73-.01410
4.24-9.5-.862.307-2.81.404 45 2.0 -.075.173-.43

-7.4-.714.233-3.06.332 b5 3.3 .qf3.143 .67 ;:; -$
-4.4~:g .155-2.ea.181 40 .29g.1741.72
-2.2 .131-2.15.079 28 !: .477.2142.23 .316 63
-2.0-.246.I.16-2.I.2 .085 34 lz$.1.8a5.3252.72 .@ 6A
-;.0+$ .099-1.74.044 25 14.11.134.4362.65 .764 62

.114-1.16.029 2 M.1 1.452.5692.55
.1 -.100

.935 63
.093-1.08.007 19.31.855.8u 2.291.I.55JjjJ

1.0 -.063.lJ.3-.53-.031-9: 21.3;.OJE!1.961;.l_EJ;.27455
.. . .

(d F’U+--bot+.ambody,f==27,f~-3 “ “
3.01-2.1-,209.106-1.97d: : 4.241.1.2

0
.685.1723.98-.48669

-.075.096-.78 14.21.021.2763.70-.70567
1.0 -.012.096-.12
2.0

-.029-2gb
.043.09g

16.21.274.3773.* -.~l 1$5
.43-.061133 21.52.038.7732.64-1.421 65

.113.C881.28 -.106 ~
2::

23.52.328.9962.34-1.637 65
.lkg .1071.39-.12782

7.4 .377.U.53.28-.27070 6.28-2.0-.281.134-2.I.O
10.2

.1~ 49
.648.1733.75-.44467 0

11.5
-.152.I.03-1.41 .036 24

.756.1983.82-.51666
14.k 1.U3 .3013.76-.76665

-.1.13---- -- --- --
:::

18.6l.m .5663.1.5-1.20565
-.077---- -- --- --
.030.035 .94--- --

?:: .228.1o82.12-.14962
4.24-2.1-.231.091-2.9+ .I.cQ43

0 -.1o2.079-1.2$).023 22
.33 .U9 2.75-.2% 64

-:% :& ;.2 -.lxg-22
2:? .U ---- -- -.51167

:::
14.1 .961.3842.50-.67266

-.039-@s
.13

16.11.213.5102.9 -.838.54
.0751.75-.11786 19.31.703

;::
.7232.36-1.17063

,3s8.0953.35-.23572 23.32.2921.@3 2.10-1.60963
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